I. INTRODUCTION
T HE application of chemical substitution in the high temperature superconductors(HTSC)structure has been showed to be an efficient tool to promote the enhancement of the J c (B, T ) transported by these materials and therefore collaborating to the development of their technological potential. The introduction of flux pinning centers by chemical substitutions in the HTSC structure can be done in a such way that allows classify and quantify the flux pinning mechanism efficiently. The en- [7] . The Sr ion disorder is introduced at YBa 2 Cu 3 O 7−δ structure by lattice distortion [9] - [11] . The solubility of the Sr atoms at Ba site is almost 50% [9] - [11] and the enhancement of the J c (B, T ) is observed to Sr concentrations lower than 6% (x ≤ 0.12) [2] , [3] , [5] . Some authors point out as responsible for the enhancement of J c (B, T ) transported by the YBa 2−x Sr x Cu 3 O 7−δ single crystals the configuration of a physical structure constituted by a high density of twin planes decorated by, probable, Sr atom precipitates [2] , [3] . However, a recent AFM study made in a YBa 1.75 Sr 0.25 Cu 3 O 7−δ single crystal shows that Sr doping concentrations up to approximately 12.5% corroborates to the enlargement of porosity and roughness of the YBa 2 Cu 3 O 7−δ single crystal surface [13] witch, probably, affects negatively the efficiency of the flux pinning mechanism of YBa 2 Cu 3 O 7−δ single crystal.
Motivated by the last considerations, we report on isotherm DC magnetization measurements, at T = 77.5 K, with H // c, of a series of YBa 2−x Sr x Cu 3 O 7−δ (x = 0, 0.02, 0.1, 0.25 and 0.37) single crystals with the aim of studying the role of the chemically introduced disorder on J c (B, T ) and f (h) of the YBa 2 Cu 3 O 7−δ superconductor.
II. EXPERIMENTS AND DISCUSSION
The YBa 2−x Sr x Cu 3 O 7−δ (x = 0, 0.02, 0.1, 0.25 and 0.37) single crystals, labeled as ScY, ScSr002, ScSr01, ScSr025 and ScSr037 respectively, were prepared by self flux method. More details about preparation method and single crystals fundamental superconducting properties characterization are expressed in the references [9] and [10] . The single crystals structure was previously analyzed by X ray diffraction (XRD), polarized light microscopy (PLM) and transmission electron microscopy (TEM) [9] , [10] . The XRD diffractogram of the doped samples showed the Y123 orthorhombic structure with c lattice parameter in agreement with those reported in the literature for others well oxygenated Sr doped samples [10] - [12] . The PLM and TEM results identify in the doped samples the presence of a 1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. high density of twin planes, possibly, decorated by Sr atom precipitates.
The Fig. 1 (a) and (b) were obtained from ScSr025 by TEM analysis. In Fig. 1 (a) the existence of twin planes is highlighted. The Fig. 1(b) represents the amplification of a twin plane region of Fig. 1(a) . The presence of black spots (red circles), probably, is associated with the existence of Sr atoms precipitates at ScSr025 structure.
Isothermal DC magnetization measurements of our samples were done at T = 77.5 K with a SQUID magnetometer when magnetic fields up to 5 T were applied parallel to c crystallographic axis of the samples. Fig. 2 displays the magnetization hysteresis loops, M (B) of our samples with T = 77.5 K. The SPM arrow identifies the presence of the second peak magnetization (SPM) [2] - [4] , [8] , [14] , [18] , [19] , and the B IRR (T ) ar- row defines the irreversible magnetic filed [2] , [8] . The B IRR (T ) data obtained from M (B) measurements of Fig. 1 matches, considering the experimental resolution, with those reported in the references [9] and [10] [3] , [5] .
The pinning force, F P (B, T ) of the samples was calculated from the application of the equation (1) [6]- [8] to the J c (B, T ) data showed in Fig. 3 .
The F P (B, T ) behavior, as function of the Sr concentration, (not displayed at the text) showed a profile very similar to that reveled by the J c (B, T ) in Fig. 3 , where the ScSr002 sample showed the best performance. The normalized pinning force density, f = F P /F P,max (where F P,max corresponds to the upper F P (B, T ) data) versus the reduced field, h = B/B irr plots is applied as an efficiently tool to identify and distinguish the contribution of the different pinning mechanisms to the behavior of J c (B, T ) [1] , [6] , [8] , [14] , [15] . Fig. 4 shows the behavior of f (h) plots obtained for our samples to T = 77.5 K.
The pinning mechanisms dynamics of our samples displayed in the Fig. 4 are directly associated to the behavior of J c (B, T ) showed in the Fig. 3 .
We apply the Dew-Hughes (D-H) model [15] , [16] to evaluate the role of Sr chemically introduced disorder on the flux pinning mechanisms properties and J c (B, T ) transported by the YBa 2 Cu 3 O 7−δ single crystals. Fig. 5 shows the f (h) plots where a series of pinning mechanisms functions are provided by the application of the D-H model. The D-H model proposes that the flux pinning mechanisms of a type II superconductor can be analyzed from the application of a universal pinning scale function of the type stipulated in the equation (2) .
In the equation (2), A is a numerical parameter, p and q are fitting parameters related to the geometric characteristics of the pinning centers. For the case of HTSC the appropriate scaling field applied in the reduced field h of equation (2) is the B IRR (T ) instead B C2 (T ), which is specifically used to the case of conventional type II superconductors [1] , [6] , [8] , [14] .
The types of pinning mechanisms showed in the Fig. 5 are classified as normal (N) and Δk (delta k).
The N pinning is related to the non superconducting regions while the Δk pinning is connected to the regions with weak superconductivity and/or displaying k, Ginsburg-Landau parameter, spatial variations. In contrast, the letters p (point), s (surface) and v (volumetric) in the caption of Fig. 5 are associated to the pinning geometric shape compared to the inter-flux vortex distance.
The D-H pinning mechanisms functions have their better physical performance when they are successful in fit the maximum of f (h) data [14] , [15] . At this scenario the pinning mechanisms are classified in terms of a reduced field h 0 which is defined as the h axis value that marks the maximum of the f (h) function [14] , [15] .
In this way, we decided to apply the criterion described in the previous paragraph to analyze and classify the main flux pinning mechanism of our samples by contrasting the f (h) plots in Fig. 4 to those in Fig. 5 . The h 0 value estimated for the samples takes into account the possible uncertainties in the calculation of
It is possible to confirm that the main pinning mechanism of ScY (h 0 = 0.35 ± 0.02), ScSr002 (h 0 = 0.34 ± 0.02), and ScSr01 (h 0 = 0.34±0.02) samples is the core normal point type (h 0 = 0.33). It is in agreement with other results reported by the literature to YBa 2 Cu 3 O 7−δ single crystals [1] , [8] , [17] . Similarly to the ScSr025 (h 0 = 0.42 ± 0.05) and ScSr037 (h 0 = 0.17 ± 0.05) samples, the main pinning mechanism identified is the core Δk volume type (h 0 = 0.5) to the ScSr025 sample and core normal surface type (h 0 = 0.2) to the ScSr037 sample.
We believe that the core normal point pinning mechanism, observed for the samples with x ≤ 0.1, is originated from the point like structural defects, specially, oxygen vacancies, in the pure sample, and defects of Sr inter-site atoms, in the case of ScSr002 and ScSr01 samples. The higher J c (B, T ) transported by the doped samples with x ≤ 0.1, when compared to that transported by the pure one, could be associated to the fact that the low concentration of Sr atoms precipitates produces a flux pinning potential stronger than that produced by the oxygen vacancies in the pure sample.
For ScSr037 is possible to notice that the core normal surface pinning mechanism is associated to the lower J c (B, T ) values transported by this sample. The activation of this mechanism is possibly connected to the high addition of the Sr atoms content not absorbed by the YBa 2 Cu 3 O 7−δ structure. This could cooperate to the nucleation of a large number of Sr clusters and distorted regions at sample structure.
On the other hand, as well as ScSr037, the ScSr025 transports a J c (B, T ) lower than that transported by the pure sample. When compared with others Sr doped samples its f (h) curve decreases smoothly as the applied magnetic field is increased.
This behavior is the signature of the core Δk volumetric pinning mechanism whose preponderance in the f (h) curve of ScSr025 could be interpreted in two ways. The first one, as a pinning mechanism crossover between the core normal point and surface types as the amount of Ba atoms, partially substituted by Sr atoms in the YBa 2 Cu 3 O 7−δ single crystal, increases from 0 < x ≤ 0.37. The other one stands to the fact that the nucleation of weak ScSr025 superconductor regions are "stronger" than those presented in the others samples of this work and, in this scenario, they have a higher critical field which collaborates to the predominance of Δk pinning mechanism in the vicinity of h 0 at f (h) plot.
It is interesting to notice that the development of pinning mechanisms dynamics of our doped samples, as function of Sr doping, from the point like type to the surface like type is promoted by the achieving of the volumetric like type as the applied magnetic field is increased. It could be justified due to the reduction of the inter-vortex distance as the applied magnetic field is augmented [15] . This fact could explain the reduction in the width of the f (h) curve, showed in the Fig. 4 , as the reduced field, h enhances.
Aside the reliability of the D-H model, in the low reduced magnetic field regime, it is interesting to notice that the pinning mechanisms of low Sr doped samples undergo a crossover from Δk surface type to Δk volumetric type, achieving the normal point type as the applied magnetic field approach to the h 0 . This behavior in the f (h) curves could be justified due to the activation of a field induced pinning mechanism.
III. CONCLUSION
The isotherm dc magnetization hysteresis loops, at T = 77.5 K, of a series of YBa 2−x Sr x Cu 3 O 7−δ (x = 0, 0.02, 0.1, 0.25, and 0.37) single crystals showed the SPM in the M (B) curves of all the studied samples. In particular, we suggest, in agreement with the authors of references [18] , [19] , that the presence of the SPM of our undoped single crystal probably is connected to the inhomogeneous distribution of the oxygen content at the structure of this sample. In the case of the Sr doped single crystals, we agree with the interpretation of Saito et al., [3] , which suggest that the Sr clusters, in the lattice structure of the single crystals with x ≤ 0.1, are responsible for the enhancement of flux pinning properties and consequently to the higher J c (B, T ) transported by those samples. According to the f (h) plots analysis, the higher J c (B, T ) transported by doped samples with x ≤ 0.1 is connected to the dominance of the core normal point pinning mechanism. In contrast, the lower J c (B, T ) transported by doped samples with x > 0.1 is connected to crossover of pinning mechanism to core normal surface type. In summary, the nucleation of the possible clusters of Sr atom precipitates at structure of the YBa 2 Cu 3 O 7−δ single crystals is responsible to the enhancement of flux pinning properties and consequently increasing of the J c (B, T ) transported by those samples.
